Background: Late-onset hypogonadism is symptomatically diverse and not fully explained by circulating testosterone level. The adult testes secrete four distinct hormones (testosterone, AMH, INSL3, and InhB) into the circulation. Testosterone and InhB have proven dynamic regulation, with limited information available for AMH and INSL3. During aging, there is cellular senescence, which may underlie the diversity of hypogonadism. This leads to the postulate that the relative levels (profile) of the four testicular hormones in older men are variable and cannot be evaluated by the measurement of one hormone. Methods: 111 men aged 19-50 years and 98 men aged 70-90 years were examined. The circulating levels of the testicular hormones were measured using ELISAs, and the variation in the levels of hormones was analyzed by various correlative analyses. Results: All four hormones were largely or totally independent. Some men were deficient in multiple hormones, but no man had multiple elevated hormones. The average hormonal levels were lower in older men, with diverse profiles of the four testicular hormones. Hence, some men had one or more hormones below the reference range, with testosterone the most conserved. Consequently, testosterone levels were not indicative of the complete state of the endocrine testes. Conclusions: The four hormones vary independently of each other, in younger and older men. This indicates that they are regulated dynamically rather than influenced by endocrine cell number. Older men exhibited diverse profiles of low levels of testicular hormones, suggesting that the testes age differently between men. Testosterone alone inadequately describes gonadal states.
Late-onset hypogonadism is an emerging entity, with diverse clinical features that are not fully explained by low circulating testosterone level (1) . In young men, there is an overt association between low testosterone and physical symptoms (2) . In contrast, older men with low testosterone level show a strong link to sexual dysfunction only, with variable and weak association to physical symptoms (2, 3) . One possible explanation of this lies in the complexity of the testis, which secretes four hormones from two cell types.
The inter-relationship between the four testicular hormones in blood is only partially characterized. The two Leydig cell hormones testosterone and insulin like peptide 3 (INSL3) and the two Sertoli cell hormones anti-Müllerian hormone (AMH) and inhibin B (InhB) only display minimal relationship to each other in younger men (4) (5) (6) , indicating that each hormone is subject to differential dynamic regulation, with minimal influence from the endocrine cell number, in young men. Progressive loss of Sertoli cells occurs during aging in men (7, 8) . In experimental animal studies, the loss of Sertoli cells leads to subsequent loss of Leydig cells (9) . Sertoli cell function declines in humans before Leydig cell function (10) , which is consistent with historic reports of age-related attrition of Leydig cells (11, 12) , although these observations are under current dispute (7) . It is unclear whether the extent of age-related loss of endocrine cells is sufficient to overcome dynamic regulation, leading to coupling between the hormones from the same cell type, progressing to pan-testicular linkage of hormone levels in more extreme cases.
The age-related decline of testosterone is due to altered regulation and output of Leydig cells (1, 13) ; in addition to the possible attrition of Leydig cell number. INSL3 and testosterone are subject to different acute regulation, but they share a co-dependency on the state of the Leydig cell being maintained by luteinizing hormone (14) . This could lead to the relative levels of INSL3 and testosterone changing with age, with progressive coupling between the hormones occurring, if the state of the Leydig cell is the dominant influence. The regulation of Sertoli cells also appears to follow this pattern, with both being dependent on gonadotrophin control of the state of the cell (15) , but with differential acute regulation leading to distinct daily profiles (16) . This may explain why the relative levels of AMH and InhB are more diverse in older than in young men.
Lastly, the development of Leydig and Sertoli cells are interdependent, under the control of the testicular and pituitary hormones (17) (18) (19) , creating an expectation that Leydig and Sertoli output will be linked in men. AMH is a dominant developmental regulator of Leydig cell number and function (19, 20) , but it is unknown whether this leads to linkages between the levels of AMH and the Leydig cell hormones in adults.
Hormones are broad regulators of physiology, and changes in the absolute or relative levels of hormones alter function or pathology. We have, therefore, examined the testicular hormonal profiles in younger and older men with the dual objectives of defining the relationship of circulating AMH to the Leydig cell hormones and to determine whether the profile of the four testicular hormones of older men is distinct from that of younger men.
Methods

Study Participants
The study group consisted of 111 young men (aged 19-50 years, mean 36.3 years) and 98 older men (aged 70-90 years, mean 78.2 years). The men were predominantly Caucasian and resided in Dunedin, a small university city in New Zealand. The exclusion criteria were a history of testicular tumor, testicular trauma, orchidectomy, undescended testes, self-reported infertility, chemotherapy, or abdominal or pelvic radiation therapy. None of the men were on anti-androgen or steroid medication. The younger men were recruited from various facilities including staff and students at the local university, medical and nonmedical hospital staff, light and heavy industrial occupation, civil service, and office-based private sector employees. The older men were all community dwelling and were recruited from community groups and clubs, and men receiving outpatient rehabilitation for physical or mental health (mood disorders or cognitive decline). The University of Otago Human Ethics Committee (Health) approved the project, and all participants provided written informed consent.
Hormone Assays
The levels of AMH, InhB, and INSL3 were measured using commercial enzyme-linked immunosorbent assay (ELISA), according to the manufacturers' instructions. The AMH ELISA measures total AMH (proAMH and AMHN,C) (21, 22) . Testosterone was measured by an in-house ELISA (23) . Additional details are available in the Supplementary Material.
Statistical Analysis
The analysis used standard statistical methods, as documented in the Supplementary Material.
Results
Hormonal Variation in Young Men
The circulating levels of individual testicular hormones were independent to each other in young men (Table 1 and Supplementary  Figure 1) . The two Sertoli cell hormones exhibited the greatest association (p < .0001; Table 1 and Supplementary Figure 1) . However, the coefficient of determination between AMH and InhB was only . 16 , indicating that 84% of the variation in the levels of these hormones is not shared. There was a weak trend for AMH and INSL3 levels of be linked r 2 = .06, but this was not statistically significant when a correction for multiple testing was applied (p = .06). The other pairs of hormones were almost perfectly dissociated from each other (r 2 = .002-.03; Table 1 and Supplementary Figure 1 ). The absence of strong correlations between the two Sertoli cell hormones, and between the two Leydig cell hormones, indicates that both endocrine cell types are able to differentially secrete their hormones. We therefore examined whether either of the Leydig cell hormones influenced the relative output of the Sertoli cell hormones (log ratio of AMH and InhB), or conversely, whether the relative output of the Leydig cells was influenced by Sertoli cell hormones. No significant associations were observed (Table 3 and Supplementary  Figure 2 ), further confirming that circulating levels of the testicular hormones were independent of each other.
The data from the four hormones were also examined using a four-parameter scatter plot, to reveal higher-level associations between combinations of the hormones and to visualize the endocrine profile of each individual ( Figure 1A ). The cohort contained a subgroup of men with low levels of all four hormones (small blue circles located near the x, y intercept). In contrast, no man had high levels of all four hormones. The men with low levels of AMH, INSL3, and InhB (small blue circles near the y-axis) exhibited a broad range of testosterone values.
Hormonal Variation in Older Men
On average, the levels of each of the testicular hormones in the older men were lower than in the young men ( Table 2 ). The ratios of the mean values for the young and the older men were similar for each hormone. However, the profile of the four testicular hormones varied between older men, with the proportion of older men with hormonal values below the reference range being smaller for testosterone, particularly with respect to the Sertoli cell hormones ( Table 2) .
The four hormones continued to be largely independent of each other in the older men, but with the emergence of some weak associations (Table 1 and Supplementary Figure 3) . Most notably, the two Leydig cell hormones exhibited partial correlation (r 2 = .16), which was statistically robust (p < .0001; Table 1 and Supplementary Figure 3B ). AMH and InhB levels were also weakly coupled (r 2 = .22, p < .0001; Table 1 and Supplementary Figure 3A) , but the strength of this association was not statistically significant from that present in young men (p = .21).
Testosterone levels in the older men weakly correlated with both Sertoli cell hormones (r 2 = .10 for InhB and .06 for AMH), but the correlation was only statistically significant for InhB (Table 1 and Supplementary Figure 3C and D) . The relative output of Sertoli cells (log ratio of AMH and InhB) was perfectly dissociated from the level of testosterone (r 2 = .00; Table 3 and Supplementary Figure 4C) . The combination of these two observations suggests that testosterone levels weakly associate with the Sertoli cell as a whole, as opposed to a specific linkage between testosterone and InhB levels. None of the other possible combinations of hormones exhibited any significant correlation (Supplementary Figures 3 and 4) .
When the levels of the four hormones were compared on a scatter plot, there was a small minority of older men who were deficient in the three peptide hormones (AMH, InhB, and INSL3; arrows in Figure 1B ). The testosterone levels in this subgroup of men spanned the complete range of testosterone values, which exemplifies the fact that testosterone levels are largely uninformative of the levels of the other testicular hormones (see also Supplementary Figure 3) . Consequently, the number of men who were deficient in all four hormones was very small ( Figure 1B) . As with the younger men, there was a conspicuous absence of men who had high levels of multiple testicular hormones ( Figure 1B) .
Discussion
Young Men
This study has demonstrated that the endocrine testes secrete four distinct hormones, whose circulating levels are independent. The testis therefore is a complex heterogeneous endocrine organ, analogous to the pituitary gland that secretes multiple independent hormones into circulation. Consequently, the testicular hormonal profiles of men are diverse, with the implication that the level of testosterone is not informative of the total endocrine output of the testes. This is also seen during male development, where each testicular hormone has distinct functions and each rises and falls at different times during pre-and postnatal development (24, 25) .
Previous studies that had examined two or three of the testicular hormones, excluding AMH, have variably reported no or weak associations between the hormones (4-6). Thus, there is generalized agreement that circulating levels of the testicular hormones are largely or totally independent. This indicates that in normal physiology the testicular hormones do not regulate each other's levels, despite the presence of their receptors in the adult testes (14, 26, 27) .
Hormone levels in adults are typically dynamically regulated, independent of endocrine cell number, although circulating AMH levels in women with declining ovarian reserve are a notable exception to this generalization (28) . During development, testicular output is influenced by endocrine cell number (29) . However, in adults circulating AMH and InhB levels only weakly associate, indicating that Sertoli cell number is either a minor determinant of both AMH and InhB levels in men or that the levels of one or both these hormones are independent of the number of Sertoli cells. The same argument applies to the Leydig cell hormones, as testosterone and INSL3 levels associate to a lesser degree than the Sertoli cell hormones. This Figure 1 . Four-parameter scatter plots to show the relationship between the four testicular hormones. Data for (A) the young men (19-50 years) and (B) the older men. The level of each hormone was normalized relative to its mean value for younger men. The relative value for INSL3 is shown by the diameter of the circle, whereas the color temperature of the circle depicts the relative value for InhB. Note that a minority of the young and older men (panels A and B) exhibited low levels of all four hormones (lower left corner, small blue circles), whereas no man had high levels of all hormones (upper right of figure, large red circles). In the older cohort (panel B), a greater number of men were deficient in the three peptide hormones (AMH, InhB, and INSL3), with these men exhibiting variable levels of testosterone (near y-axis, small blue circles: indicated by arrows).
conclusion is not generalizable to individuals with testicular dysfunction, as endocrine cell number may become rate limiting within some pathologies.
Older Men
The endocrine profiles of circulating testicular hormones among older men were also diverse, such that there were numerous examples of men exhibiting significant interpersonal discordance, with low levels of one or more hormones. There was an even smaller subset of older men who had lower levels of the three peptide hormones, but variable levels of testosterone. This may in part be due to a predominant loss of Sertoli cells over Leydig cells in some individuals. However, this was not invariant, as men with low testosterone levels were not universally associated with low peptide hormones. This suggests that the underlying mechanism of age-related deterioration of the testes is diverse, as the particular hormone(s) that have low levels varies between older men. This may explain the diversity of late-onset hypogonadism, although further studies are required to establish the relationship between the hormonal diversity and clinical symptoms.
There was a distinct absence of men in both age groups with elevated levels of multiple hormones, in marked contrast with the cluster of men with multiple hormonal deficiencies. The reason for this is unclear, although one possibility is that a mechanism exists which results in the suppression of one or more hormones when a single hormone is extremely elevated. This is theoretically possible, as receptors for the testicular hormones are present within the testes (14, 26, 27) . However, we emphasize that this mechanism does not appear to occur when the hormones are within the normal ranges, as the hormones do not correlate to any extent. That is, there may be biological diversity of testicular function within the population.
Older men, on average, had lower levels of all four hormones than younger men, which is consistent with prior studies (4, 5, 30) . This may be partially caused by the age-related attrition of testicular endocrine cells (7, 8, 11, 12) . However, cell number does not seem to be a major determinant of hormonal levels in younger men, and similarly does not appear to be a critical influence upon hormonal levels in the older men, as hormones from the same cell type lack substantial correlation. This implies that other regulatory factors maintain relative hormonal levels despite changes in cell number, until a critical number of cells is lost. This is also seen with type 1 diabetes mellitus, where the autoimmune destruction of the beta pancreatic cells precedes the clinical manifestation of hyperglycemia induced by exhaustion of insulin production (31) .
Research Implications
The physiological functions of INSL3 and AMH are largely unexamined. To date, a large proportion of the studies of these hormones have involved known regulators of testosterone and/or InhB. The observation that AMH and INSL3 minimally co-vary with testosterone and InhB suggests that the exploration of AMH and INSL3 needs to extend beyond classical regulators of the testes, such as the gonadotrophins.
The testicular hormonal profiles were different, on average between younger and older men. Much of the body's regulation involves interacting processes, with normal physiology emerging from both absolute and relative levels of hormones. Two of the four testicular hormones, AMH and InhB, belong to the TGFB superfamily of cytokines, which exhibit highly contextual-dependent regulation in biology (32) . Consequently, we suggest that the entire testicular hormonal profiles should be examined routinely in biomedical studies that examine endocrine testicular function. This is already an accepted practice of the examination of the endocrine state of the ovary that routinely requires the reporting of multiple ovarian peptide and steroidal hormones.
Limitations of the Study
This paper is a study of the endocrine function of the testes and its focus is therefore on the circulating levels of the hormones. The level of a hormone in the circulation is a product of synthesis, secretion, and clearance of the hormone. The half-lives of testosterone, InhB, and AMH in the circulation appear to be distinct (33) (34) (35) , suggesting that clearance rate is hormone specific. Consequently, the reported data are not necessarily informative of the relative hormonal levels within the testes. This places an under-appreciated constraint on their utility as biomarkers for the state of the testes.
Two age groups have been compared, in a cross-sectional fashion. We therefore do not exclude the possibility that secular effects contribute to the differences in hormonal levels between younger and older men. To reiterate points made earlier, this study examines the hormone levels present in men under normal living conditions. The results The reference range is the 2.5th to 97.5th centile of the young men's values from the study population. The observed frequency of young men below the reference range is not significantly different from the expected frequency (2.5%).
c Statistically significant to the young men, Student's t test, p < .0005. The proportion of older men below the reference range is significantly different to the expected frequency (2.5%) for each hormone (p < .0001). The proportion of older men with low testosterone levels is significantly less than for the other hormones: p = .048 to INSL3, p = .003 to InhB, p < .001 to AMH (binomial probability test).
cannot be extrapolated to less common physiological events, such as fasting, or to individuals with pathological states. The study does not exclude the possibility that some or all the hormones have a common determinant; the study only shows that major determinants of the hormones are not common. The converse is also true. If, hypothetically, fasting reduced the circulating levels of all four testicular hormones, then this would not invalidate the conclusion that the levels of the hormones do not strongly associate in most men, in most circumstances.
Conclusion
In conclusion, the endocrine testis is poorly understood. This complex gland secretes four independent hormones into the circulation, with this phenomenon persisting into old age, in spite of age-related changes for each of the hormones. This suggests that testicular hormones for older men remain regulated to maintain an adaptive response to aging, rather than being the result of sporadic degradation of the testicular cells with senescence. The proof of this is not currently possible due to the paucity of information regarding the function of the peptide testicular hormones, particularly AMH and INSL3.
